T he non-trivial topology of a skyrmion leads to an improved stability against external perturbations [1] [2] [3] [4] [5] . The topology of the spin texture is characterized by the skyrmion winding number S, which takes integer values 6 . Mathematically, S is given by where m is a unit vector that points along the local magnetization direction. Individual cylindrical skyrmions have a winding number of ± 1. S is an integer invariant for all mutually continuously deformable skyrmions. Hence, the associated topological Hall effect is also invariant under continuous deformation. A consequence of this, in the context of Néel skyrmions, is that the winding number is independent of the magnetic domain size and shape as long as the domain is wrapped by an unbroken Néel domain wall 1 . In multilayer films the formation of Néel type skyrmions is energetically favourable due to perpendicular magnetic anisotropy and interface Dzyaloshinskii-Moriya and dipolar interactions [7] [8] [9] [10] [11] . In thin film multilayers they are stable at room temperature [11] [12] [13] and can be moved using spin torques [14] [15] [16] [17] [18] , with the expectation that the current densities needed can eventually be as low as the 10 6 -10 7 A m -2 observed in cryogenic measurements on single-crystal materials [19] [20] [21] . This permits a very low-energy manipulation of information 22 . Although the current-induced movement of skyrmions is needed to manipulate the encoded information, electrical detection of single skyrmions is essential to read back the stored information.
Here we measured the Hall resistance of Pt/Co/Ir multilayer discs of 1 µ m diameter and simultaneously imaged the magnetic configuration within it using scanning transmission X-ray microscopy (STXM) with X-ray magnetic circular dichroism (XMCD) contrast.
STXM is a high-resolution imaging technique that is magnetically non-invasive. The conclusions that we draw are twofold. The variation in skyrmion size with field leads to a signal that matches that expected from the anomalous Hall effect tracking the change in magnetization. Furthermore, an additional magnetization-independent Hall signal of 22 ± 2 nΩ cm associated with the presence, number and sign of individual skyrmion-like objects was found. Its size is comparable to the anomalous Hall signal for skyrmions with a radius smaller than 150 ± 30 nm. This skyrmion number-dependent resistivity cannot qualitatively be explained with conventional Berry phase theories of the topological Hall effect, which suggests that further theoretical development is needed.
Electrical transport for magnetic skyrmions
Skyrmions and skyrmion-like domains were stabilized in electrically connected 1 μ m diameter discs from [Pt/Co/Ir] ×10 multilayer stacks ( Supplementary Fig. 1 gives device, magnetic and electrical information). A current and field nucleation protocol was used to nucleate an integer number of skyrmions in the disc (Methods and Supplementary Fig. 2 give details). The Hall resistance was measured as a function of the out-of-plane field. From the XMCD contrast images, the normalized magnetization (the magnitude of the magnetization in the z direction to the saturation magnetization, M z /M sat ), was computed by counting the number of black, white and grey pixels in the disc and assigning them a value of 1, − 1 and 0, respectively, and normalizing the sum by the number of pixels in the disc ( Supplementary Fig. 3 gives details) . Figure 1a -c shows the electrical and magnetic response to an external out-of-plane field of one skyrmion, N = 1, stabilized in the discs. The number N is a counter for the enclosed magnetic domains without drawing conclusions on their topology. In the case of a skyrmion, N = − S is the sign convention adopted throughout this article. The distinction between S and N becomes relevant when considering magnetic Magnetic skyrmions are knot-like quasiparticles. They are candidates for non-volatile data storage in which information is moved between fixed read and write terminals. The read-out operation of skyrmion-based spintronic devices will rely on the electrical detection of a single magnetic skyrmion within a nanostructure. Here we present Pt/Co/Ir nanodiscs that support skyrmions at room temperature. We measured the Hall resistivity and simultaneously imaged the spin texture using magnetic scanning transmission X-ray microscopy. The Hall resistivity is correlated to both the presence and size of the skyrmion. The size-dependent part matches the expected anomalous Hall signal when averaging the magnetization over the entire disc. We observed a resistivity contribution that only depends on the number and sign of skyrmion-like objects present in the disc. Each skyrmion gives rise to 22 ± 2 nΩ cm irrespective of its size. This contribution needs to be considered in all-electrical detection schemes applied to skyrmion-based devices. Not only the area of Néel skyrmions but also their number and sign contribute to their Hall resistivity.
domains that touch the edge in such a way that the Néel domain wall wrapping is incomplete or the wrapping is disrupted locally by, for example, a Bloch point. Measuring the Hall resistance throughout magnetic minor loops enabled the observation of changes in the resistance reflected by changes in the magnetic state while keeping the number of skyrmions in the disc constant. The Hall resistance, the corresponding skyrmion diameter and the normalized disc magnetization throughout two minor loops are shown in Fig. 1a -c alongside the XMCD images of the domain states ( Fig. 1d-i ).
In the final field sweep of repeat 1, the applied field was increased until the skyrmion was annihilated (major loop 6 in Fig. 1a-c) , which took place between 65 and 70 mT and reduced the value of N from 1 to 0. After the skyrmion was annihilated, the Hall resistivity returned to its saturation value of around − 223 ± 6 nΩ cm. A clear resistivity change with respect to the saturation value was observed for skyrmions with a diameter above 75 nm. XMCD images of the skyrmion states that correspond to N = − 2, 2 and 3 are shown in Fig. 2a -c,e-g,i-k, respectively, with M z /M sat and the change in the normalized Hall resistance, R xy /R xy,sat , response shown in Fig. 2d ,h,i, respectively. R xy refers to the measured Hall resistance and R xy,sat is the Hall resistance at the saturated state, which corresponds to a disc with a completely white XMCD contrast. Supplementary Movies 1-5 give all the measured XMCD images.
Skyrmion number-dependent resistivity contribution
In magnetic materials with topologically non-trivial spin textures, the Hall resistivity is given by the sum of the ordinary ρ where R 0 is the ordinary Hall coefficient, B is the external applied magnetic field, R S is the anomalous Hall coefficient, P is the spin polarization of the conduction electrons and B z eff is the effective field experienced by the conduction electrons due to the Berry phase they accumulate while adiabatically traversing skyrmions 23, 24 . This magnetic field emerges as there is one quantum of emergent magnetic flux associated with each skyrmion 6, 25 . In this form, equation (2) neglects any other contributions, such as the planar Hall effect, which can arise due to an anisotropic magnetoresistance (AMR) mechanism. Figure 3a shows the normalized Hall resistance R H /R H,sat against M z /M sat . The ordinary Hall resistance contribution was calculated using the measured R 0 of − 1.9 ± 0.2 × 10 −11 Ω m T -1 and was subtracted from the measured value R xy to yield R H . Therefore, in accordance with equation (1), changes in R H arise only from changes in the magnetization and/or spin texture.
Equation (2) shows that ρ xy A is expected to be proportional to the z component of the magnetization, the same component that gives rise to the XMCD contrast in the STXM set-up. This condition is true if there are no changes in the longitudinal resistivity, as R S typically has a dependence on ρ xx . As different magnetic states are measured in the same discs and at the same temperature, and the magnetoresistance is vanishingly small, this condition holds. The line that connects the two saturated states was fitted (Fig. 3a) and yielded a slope of − 1.01 ± 0.01 and an intercept of 0.01 ± 0.05. The skyrmion measured was created using the current pulse/field protocol shown in Supplementary  Fig. 2 . a-c, The skyrmion response to the field is shown via the changes in Hall resistivity, ρ xy (a), in skyrmion diameter (the error is determined by the image resolution) (b) and in the out-of-plane magnetization M z /M sat (the error is given by the counting statistics) (c); Supplementary Information gives more detail. The minor loop was repeated six times, with the sixth cycle extending to a high enough field, 75 mT, to finally annihilate the skyrmion. The red shaded areas in a and b highlight skyrmions with a diameter of less than 75 nm, which cannot be distinguished unambiguously from the saturated state using resistivity measurements. d, XMCD image of the skyrmion created and shown in Supplementary Fig. 2 at 0 mT. e-g, XMCD images of the skyrmion (data from repeat 1 major loop 6) at 10 mT (e), 45 mT (f) and 50 mT (g), the black dashed lines in a to c. After the annihilation of the skyrmion shown in d-g, the system was returned to the saturated state and a new skyrmion was nucleated using the same current pulse and field creation protocol. h,i, XMCD images of the skyrmion (data from repeat 2 minor loop 1) at 0 mT (h) and 24 mT (i), the green dotted lines in a to c. Skyrmions larger than 75 nm can be detected electrically.
This slope is within the error bar of − 1, the value expected on the basis of the Hall signal being purely due to an anomalous Hall effect arising from the magnetization averaged over the area of the disc. All the other data for N > 0 and N < 0 run parallel to this line, that is, retaining a slope of − 1 (Fig. 3b gives the fitted slopes and intercepts). All the data sets are within one error bar of a − 1 slope except the N = − 2 data set, which is − 1 within two error bars. This distribution is consistent with Gaussian statistics. We can therefore identify this variation in the Hall signal as the anomalous Hall effect associated with the skyrmion being compressed and expanded by the field. However, each data set is offset from the N = 0 line, that is, each N ≠ 0 data set has a non-zero intercept which indicates that there must be an additional resistivity contribution that is magnetization independent.
The intercepts of the linear fits to the data in Fig. 3a were converted into resistivities, ρ xy Int , and are plotted versus N in Fig. 3b . ρ xy
Int is proportional to the number of skyrmion-like objects N in the disc. The dashed line in Fig. 3b shows the linear fit through the data points and reveals that each skyrmionic object contributes 22 ± 2 nΩ cm to the measured resistivity. Figure 3c shows ρ xy Int with respect to sequential image numbers. This highlights the skyrmion number-dependent incremental change away from the N = 0 case. The XMCD images shown in Fig. 3d -o highlight the magnetization independence of the measured offset. The offset is the same for the same number of skyrmions N even when they have very different sizes: for instance, compare the states depicted in Fig. 3d,e. A sharp drop in the measured offset is observed when one of the following two magnetic-field-driven scenarios occurs: (1) the individual skyrmions expand and fuse together (Fig. 3c data points enclosed in the blue box, and its corresponding magnetic state in Fig. 3f ) and (2) the skyrmions are annihilated (Fig. 3c data points enclosed in the green and red boxes, with the corresponding magnetic state of the latter in Fig. 3i) .
Images within the N = 3 data set indicate that there is a possibility that the magnetic domains touch the edge for certain fields (Fig. 2i-k) . The imaging resolution and the parasitic X-ray absorption at the electrodes makes it hard to identify whether the domain is continuously wrapped by a Néel domain wall or whether the domain wall has been ejected at the edge, that is, whether S = N or S ≠ N. The STXM shows only the out-of-plane component of the magnetization, so imaging of the in-plane magnetization, and hence the confirmation of Néel type domain walls in these multilayer systems, was done using X-ray photoemission electron microscopy on films grown at the same time as the disc samples. Left-handed Néel domain walls were observed ( Supplementary Fig. 4 ). This is in agreement with Lorentz microscopy under tilted imaging conditions on a closely related material grown in the same sputter system 26 , as well as being in agreement with results published on multilayers with the same stacking sequence 27 . Such domain walls are topologically non-trivial skyrmionic spin textures if they form closed loops. No change in ρ xy Int was observed until the magnetic domains were seen to annihilate or coalesce (green, red and blue boxes in Fig. 3c, and Fig. 3f) , from which we conclude that either the domains remain completely wrapped by Néel domain walls and that S = N, or that the physical origin of the magnetization-independent contribution is not reliant on an integer value for S. 
Comparison with theory
Returning again to equation (2) , it is tempting to identify the signal that occurs when the topology changes as ρ xy T , as the emergent field is proportional to the areal winding number density in that theory. The usual theory of that effect states that the change in the resistivity associated with the presence of skyrmions can be estimated using:
where q e is the emergent topological charge equal to ± ½ for different spins and B z e is the emergent magnetic field given by (ħ/2)8π ɸ z (ɸ z is the skyrmion density S/A), A is the area of the disc and ϕ 0 is the flux quantum h/e with h being Planck's constant and e the electron charge 20, 23, 28 . In our case, using a maximum possible spin polarization of 100%, ρ xy T can be computed from this expression to have an upper limit of 0.01 nΩ cm per skyrmion in the disc. This value, despite representing the maximum expected by current theory, is far too small to account for the observed signal. However, other effects might be involved. Distortions in the current flow around the skyrmion due to the current-focusing effects that arise from AMR 29 , the planar Hall effect 30 or d.c. eddy current loops 31 may also play a role in generating transverse voltages. Contributions from the planar Hall effect can be ruled out as it is a consequence of AMR. Local changes of the in-plane magnetization with respect to the current direction result in a change of the resistivity which then leads to a redistribution of the current density and hence the measured voltage equipotential. The AMR is even in magnetization and hence N = 2 and N = − 2 states (such as those shown in Fig. 3h,n) would show the same sign of the planar Hall effect contribution, whereas an opposite sign is observed. Furthermore, the measured AMR ratio for the multilayer system is 0.04%, whereas an effect at the level of 15% is required to generate a planar Hall resistivity at the level of the observed ρ xy Int ( Supplementary Fig. 5 gives details). Eddy current (d.c.) loops are again a consequence of AMR and hence cannot produce the required magnitude. Eddy current loops are present in 180° walls; however, a skyrmion can be viewed as a 360° wall that is two 180° walls, one up-down and one down-up, back-to-back, and hence any d.c. eddy current loops will cancel. Furthermore, any distortions in the current distribution caused by the AMR will be skyrmion-size dependent, and we see a constant ρ xy Int for rather different skyrmion sizes with the same N (for instance, the states in Fig. 3d,e) . Another explanation is therefore needed, and our results challenge conventional models of the Hall effects generated by skyrmions.
The Berry phase theories above treat systems that are chemically homogeneous and have an almost uniform skyrmion winding number density that arises from a skyrmion lattice. Neither of these conditions are true in our multilayer system that contains discrete skyrmions in a uniform background. Moreover, the transport is unlikely to be adiabatic 32, 33 and the skyrmion will not be considerably smaller than the spin diffusion length in the metals from which our multilayer is formed 34, 35 , as is commonly assumed in such theories. Hence, a new treatment of these real-space Berry phase effects in such multilayer systems is needed to clarify these points.
Conclusion
Electrical transport measurements have frequently been employed to study skyrmions in bulk Dzyaloshinskii-Moriya interaction noncentrosymmetric transition metal compounds with the material in the skyrmion crystal phase 6 . Measurements were performed on bulk samples 36 , single crystals 20, 23, 25 , thin films 37, 38 and nanostructures [39] [40] [41] . Spin-polarized scanning tunnelling microscopy and differential tunnelling non-collinear magnetoresistance at low temperature have been shown to allow the detection of single skyrmions in ultrahigh vacuum conditions 42, 43 . Readout with conventional magnetic tunnel junctions has been analysed theoretically, but not demonstrated practically 44 . As for room-temperature detection, an anomalous Hall detection scheme was showcased, which confirmed that the anomalous Hall resistance can detect a single skyrmion 45 . By counting the skyrmion number and comparing it to the Hall resistivity conflicting conclusions have been drawn. On one side, only the ordinary and anomalous Hall contribution could be observed 45 , whereas measurements on a different interfacial skyrmion system showed contributions beyond the anomalous Hall resistivity 46 . We performed a combined imaging and electrical transport study that allows the direct correlation of the Hall signal in a skyrmion-bearing nanostructure with the exact spin texture that gives rise to it. We used this method to separately determine the Hall signals associated with the presence and size of skyrmions. Although the latter dependence arises from the anomalous Hall effect, the former requires a new explanation. Nevertheless, the magnetization independence and the observed proportionality to the number of skyrmions in the disc are a good indication that the origin is linked to the non-trivial topology of the observed magnetic structures.
The size-independent contribution is of great technological importance as the expected anomalous Hall resistivity associated with a skyrmion drops below the ρ xy Int = 22 ± 2 nΩ cm contribution when the radius is reduced to below 150 ± 30 nm (Fig. 3b) . Understanding the origin of this contribution should lead to schemes by which it may be increased to still larger amplitudes. The ability to detect single skyrmions electrically not only opens up ways to study their static and dynamic properties in nanostructures under a wide range of experimental conditions, but also offers the prospect of a simple electrical method to read out the state of future skyrmion-based spintronic devices.
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Methods
The thin films were deposited by d.c. magnetron sputtering in a vacuum system with a base pressure of 2 × 10 −8 mbar and a target-substrate separation of roughly 7 cm. An argon gas pressure of 6.7 mbar was used during the sputtering and typical growth rates of around 0.1 nm s -1 were achieved. The superlattice stack, [Co(0.5 nm)/Ir(0.5 nm)/Pt(1.0 nm)] ×10 , was grown on a seed layer of Ta(3.5 nm)/ Pt(3.8 nm) and capped with Pt(3.2 nm). The patterned structures were grown on 200 nm thick Si 3 N 4 membranes supported on silicon (Silson Ltd). An identical superlattice stack was simultaneously sputtered on thermally oxidized silicon (with an oxide layer thickness of 100 nm) to provide a sample for the characterization of the material properties. X-ray reflectivity was used to measure the individual layer thicknesses of this sample. Room-temperature polar magneto-optical Kerr effect magnetometry and in-plane superconducting quantum interference device vibrating sample magnetometry was used to confirm the out-of-plane easy axis of the superlattice (Supplementary Fig. 1a) . R 0 was measured to be -(1.9 ± 0.2) × 10 −11 Ω m T -1 using an 800 nm wide Hall bar ( Supplementary Fig. 1b ). Discs 1,000 nm in diameter were fabricated using multiple-step electron beam lithography (see Supplementary Fig. 1c for a scanning electron microscopy image of one of the devices measured). The lithographic recipe is described in more detail in the Supplementary Information.
The magnetic domains in the nanodiscs were imaged using STXM at the PolLux (X07DA) beamline at the Swiss Light Source using XMCD to provide magnetic contrast 47 . A spatial resolution of the order of 30 nm was achieved by using a Fresnel zone plate with an outermost zone of 25 nm to focus the X-rays on the sample. The images were taken at room temperature with the option of an out-of-plane quasi-static magnetic field. The sample surface was perpendicular to the incident X-rays, which were tuned to the Co L 3 absorption edge (~778 eV). The X-ray magnetic dichroism contrast was measured by taking the difference between the absorption of left and right circularly polarized X-rays and dividing it by the sum of the absorption images. This leads to a black-and-white contrast, which indicates magnetic moments aligned parallel or antiparallel to the incident X-rays ( Supplementary Fig. 1d for the field-driven switching between the antiparallel saturation states and the corresponding Hall resistivity). The chamber was pumped down and backfilled with oxygen gas (5 mbar) to prevent carbon deposition. The disc was initially saturated at + 110 mT. Magnetic domains were nucleated using five bipolar 500 mV/− 400 mV 5 ns current pulses separated by 200 ns with an approximate current density of 7 × 10 11 A m -2
. The current pulses were created using a Tektronix AWG7122C arbitrary waveform generator. The skyrmion was then created by applying a field that opposed the nucleated domain magnetization alignment until only the most stable magnetic entity was left, the skyrmion ( Supplementary Fig. 2 ). Zero field stability of this skyrmion was observed. The electrical Hall and longitudinal resistance response to expanding and shrinking the skyrmion was observed by increasing and decreasing the field in a minor loop, with STXM images acquired that corresponded to each magnetotransport data point. The field-dependent diameter evolution was extracted by fitting a circle to the XMCD contrast of the skyrmions, which were observed to be radially symmetric; the error was given by the spatial resolution of the measurement.
The Hall resistance of the nanodisc was measured using a four-probe approach in which the Hall voltage and current electrodes overlapped at the edge of the nanodisc. The longitudinal resistance used a quasi-four-probe method in which the electrodes were offset by 1 µ m from the disc (Supplementary Fig. 1c) . The electrodes were 500 nm in width and overlapped the edge of the disc by around 100 nm. A 17 Hz a.c. voltage was applied to the samples as well as a 250 mV d.c. voltage. The current was monitored using a 10 kΩ series resistor ( Supplementary  Fig. 1c inset) . The series resistor voltage drop and Hall voltage were measured using a lock-in amplifier (Zurich Instruments model HF2LI) ( Supplementary  Fig. 1c inset gives a circuit diagram) . The magnetoresistance was measured using a Stanford Research Systems SIM910 in conjunction with a Keithley 2000 multimeter. The Hall resistance changes in the N = ± 2 case were measured with a Keithley 2181A nanovoltmeter. A Keithley 6221 d.c. and a.c. current source was used to apply 100 µ A and the magnetoresistance was measured using a Keithley 2400 source meter. These measurements were performed with the sample mounted inside the PolLux STXM.
A Keithley 2182 nanovoltmeter and a Keithley 6221 d.c. and a.c. current source were used to measure the Hall voltage and magnetoresistance of the 800 nm Hall bar at 285 K. The field sample was placed in a solenoid superconducting magnet to enable the application of fields up to 8 T perpendicular to the sample.
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